INTRODUCTION
Anisotropic gold nanoparticles are well suited as contrast agents for optical imaging of biological tissues. Colloidal gold has a long history of clinical use, but only recently have methods been developed to fashion gold nanoparticles into structures with tunable plasmon modes, ranging from visible to near-infrared (NIR) wavelengths. The NIR region between 750 and 1300 nm is particularly favourable for optical imaging, as shorter wavelengths are extinguished by haemoglobin or other endogenous pigments, and longer wavelengths are strongly attenuated by water [1] .
Several types of NIR-resonant gold nanoparticles are currently being investigated as contrast agents for various biomedical imaging modalities, including nanoshells, [2, 3] nanocages, [4] and nanorods [5, 6] . Gold nanorods (GNRs) with aspect ratios of [3] [4] (ca. 15 nm in width and 45 -50 nm in length) are especially attractive for such applications, as they can support a higher absorption cross-section at NIR frequencies per unit volume than most other structures, [8] and have narrower linewidths due to reduced radiative damping effects [9] . We and others have been engaged in the development of GNRs as multifunctional agents for imaging and photoactivated therapies [5 -7] . In addition to their strong NIR absorption, we have found that GNRs are capable of producing significant two-photon luminescence (TPL) when excited at plasmon resonance with ultrashort laser pulses [6, 10] . This is an unusual property for metal nanoparticles, which are better known for their efficiency to quench fluorescence. Nevertheless, the TPL signals from GNRs can be detected with single-particle sensitivity and are useful for real-time in vitro and in vivo imaging.
GNRs can be prepared on a bulk scale in aqueous micellar surfactant solutions using seeded growth conditions in the presence of AgNO 3 [11, 12] but this approach is often accompanied by a gradual blueshift in their longitudinal plasmon resonance due to the reshaping of GNRs by a slow growth process. Fortunately, this 'optical drift' is easily remedied by treating freshly prepared GNRs with sodium sulphide to arrest further growth, thereby facilitating their practical application as NIR contrast agents [13] . Stringent control over surface chemistry is also important in the development of GNRs for targeted imaging and therapy. For this purpose, we have developed a one-step method of surface functionalisation based on the in situ formation of dithiocarbamate (DTC) ligands, derived from the corresponding amines [6, 14] . The chemisorption of DTCs to gold surfaces is considerably more robust than that of alkanethiols, which are prone to desorption under physiological conditions by competing adsorbates or oxidation [15] .
The longitudinal plasmon resonance (LPR) gives rise to polarisation-dependent optical absorption and scattering [6a, 10, 16] [18] , and the quasi-epitaxial growth of Ni on Pt-tipped GNRs [19] .
In this paper, we use surfactants derived from C-undecylcalix [4] resorcinarene, namely tetrabenzylthiol resorcinarene (TBTR) and a poly(dithiocarbamate) derived from tetra-N-methyl(aminomethyl) resorcinarene (TMAR-DTC), for encapsulating GNRs and extracting them into organic solvents (see Fig. 1 ). The resorcinarene-encapsulated GNRs were examined for their capacity to nucleate the growth of magnetic shells by the decomposition of Fe(III)(acac) 3 or Fe(CO) 5 at elevated temperatures. Resorcinarenes and other calixarene derivatives have previously been used to enhance the dispersion of colloidal metal particles in various organic solvents [20, 21] , as well as their self-assembly into well-defined nanostructures with novel collective properties [22] . The resorcinarenes' excellent dispersant properties are derived from their anisotropic presentation of several hydrocarbon chains: The tailgroups are spaced several angstroms apart on the macrocyclic framework and disfavour a closepacked organisation, which translates into effective steric repulsion due to the loss of configurational entropy upon chain compression or interdigitation [20e] . The resorcinarene surfactant chains are complemented by a multivalent headgroup for robust chemisorption onto the nanoparticle surface [20f]. Although we have successfully used resorcinarenes to extract colloidal gold particles as large as 100 nm from aqueous solutions into organic solvents [20c], we face additional challenges with GNRs from their stronger van der Waals interactions as well as competition from pre-existing surfactant. We note that GNRs have recently been extracted from aqueous solutions into organic solvents by using a hydrophobic polystyrene coating, and deposited onto surfaces as rings by a dewetting mechanism [23] . However, for our purposes we require a surfactant coating of minimal thickness to enable subsequent nucleation of iron onto the GNR surface.
RESULTS AND DISCUSSION

Extraction of Resorcinarene-Encapsulated Au Nanorods
NIR-resonant GNRs were prepared in aqueous micellar solutions of cetyltrimethylammonium bromide (CTAB) (see Fig. 2 ). TBTR was prepared as described previously [20c] and added to GNR dispersions as a 2 mM solution in THF. TMAR was prepared by a procedure similar to that described by Reinhoudt and co-workers [24] , except that methylamine was substituted onto the corresponding tetra(bromomethyl)cavitand. The (poly)dithiocarbamate was generated in situ by combining a 2 mM solution of TMAR in THF with a dilute solution of CS 2 , to produce TMAR-DTC at a final concentration of 1.33 mM.
Aqueous solutions of GNRs were first treated with an equal volume of TBTR in THF, followed by the addition of a 10 mM solution of tetraoctylammonium bromide (TOAB) in toluene. The presence of TOAB has previously been used to mediate the direct extraction of colloidal gold nanoparticles with TBTR [20c,f]. However, in the case of GNRs, the dispersions were observed to be unstable in toluene, with aggregation in less than one hour (see Fig. 3 ). Repeating the process with chloroform resulted in more stable dispersions, but these were also shortlived and substantial aggregation was observed the following day.
Addition of TMAR-DTC had a rather different effect on the GNRs. Vigorous mixing resulted in a frothy suspension into which the resorcinareneencapsulated GNRs were absorbed. This extraction procedure is analogous to a process known as flotation, which is often used in mining operations to recover precious metals from finely ground ore [25] . However, in our case the GNRs are not dissolved into ionic species, but are instead partitioned into the foam or against the walls of the plastic culture tube. Once the GNRs are removed from the solution mixture, they can be recovered simply by decanting the remaining solution and redispersing the residue in CH 2 Cl 2 . It is worth noting that attempts to directly extract the TMAR-DTC-encapsulated GNRs into CH 2 Cl 2 were unsuccessful; instead, most of the nanorods remained trapped at the biphasic interface and could not be recovered.
The CH 2 Cl 2 suspensions of GNRs encapsulated by TMAR-DTC are stable at room temperature, and their optical densities remain largely unchanged after a small initial decrease (see Fig. 4a ). These GNRs were readily suspended in other higherboiling organic solvents such as o-dichlorobenzene (ODCB) and dioctyl ether, simply by adding the desired solvent and removing CH 2 Cl 2 by rotary evaporation. This facile solvent exchange allowed us to examine solvatochromic effects on their longitudinal plasmon resonance (see Fig. 4b) [26] , but the changes observed for GNRs are more pronounced. A linear fit of the LPR data in Fig. 4b indicates a refractive index sensitivity of 306 nm/RIU. This is in accord with a study on the solvatochromism of Ag nanospheres, nanotriangles (prisms) and nanorods, in which the plasmon resonance of the latter was observed to be most sensitive to the solvent dielectric [27] .
Gold Nanorods with Iron Oxide Nanoshells
To determine whether the resorcinarene-encapsulated GNRs could be used to nucleate the growth of iron at high temperatures, we first needed to confirm that they could withstand harsh thermal conditions as GNRs have been reported to reshape into spheres when heated in the presence of CTAB [28] . Extracted GNRs were dispersed in dioctyl ether and heated to reflux (2868C) for 30 min with remarkably little change in their morphology, in contrast to earlier reports on GNR thermal stability. We attribute this stability to the robust nature of the TMAR-DTC coating which reduces the probability of sintering, and also to the absence of corrosive electrolytes such as those associated with CTAB. We note that the reshaping of GNRs into nanospheres occurred to a greater extent when heated in the presence of Fe(III)(acac) 3 (see below).
We first examined the seeded growth conditions reported by Sun and Zeng for the synthesis of Fe 3 O 4 nanoparticles, based on the polyol reduction of Fe(III) salts [29] . The TMAR-DTC-encapsulated GNRs were dispersed in a dioctyl ether solution of oleic acid, oleylamine, Fe(III)(acac) 3 and tetraethylene glycol and heated to 2508C for 1 h, then cooled to room temperature and precipitated by the addition of ethanol to yield a dark brown solid. This residue contained some GNRs with amorphous iron oxide coatings (see Fig. 5a ), but more often resulted in the formation of free iron oxide nanoparticles as well as the partial reshaping of GNRs. FIGURE 3 Absorbance spectra of GNRs extracted with TBTR into toluene, as a metric of dispersion stability over time.
We also examined the possibility of nucleating the thermal decomposition of Fe(III)(acac) 3 on GNRs under heterogeneous conditions. GNRs were concentrated to dryness onto the surface of a roundbottomed flask, immersed in the dioctyl ether solution described above and heated in a 2508C sand bath. This condition was successful to produce iron oxide coatings (see Fig. 5b ), but many of the GNRs became misshapen and were difficult to release from the glass surface. We thus sought milder reaction conditions for functionalising GNRs with magnetic materials.
The formation of GNRs with iron nanoshells could be improved by replacing Fe(III)(acac) 3 with Fe(CO) 5 and by using o-dichlorobenzene (ODCB) as the solvent, which has a boiling point of 1808C. The best results were obtained by preheating Fe(CO) 5 with oleic acid at 1208C, prior to introducing GNRs and oleylamine and heating to reflux. This condition is thought to produce an 'Fe-oleate' complex, and has been used to synthesise uniform Fe 3 O 4 nanoparticles with an excellent control over the growth process [30] . Subjecting resorcinarene-coated GNRs to these reaction conditions resulted in particles which responded to a strong magnetic field gradient. Transmission electron microscopy (TEM) analysis revealed that a significant fraction of GNRs were coated by a 4 -6 nm layer of iron oxide (see Fig. 6 ).
In summary, GNRs can be extracted and dispersed in organic solvents by the resorcinarene-based surfactant TMAR-DTC. These form more stable dispersions in organic solvents than GNRs coated by TBTR, due to the enhanced chemisorption properties of dithiocarbamates relative to that of thiols. The resorcinarene-encapsulated GNRs can be used as intermediates to form magnetic nanoshells and in the preparation of core-shell nanostructures. These can also be dispersed into hydrophobic polymers and liquid crystals for the preparation of multifunctional GNR-based composites, which will be described in due course.
MATERIALS AND METHODS
Preparation of Gold Nanorods
GNRs were prepared in aqueous micellar solutions of cetyltrimethylammonium bromide (CTAB) using seeded growth conditions as described previously [11, 12] , followed by treatment with Na 2 S at the end of the rapid growth phase to arrest further changes in aspect ratio [13] . The sulphide-treated GNRs used in this study were produced with lengths of 45-50 nm and a mean aspect ratio of 3.5, and longitudinal plasmon resonances between 765 and 800 nm. The GNRs were centrifuged and redispersed in deionised water twice (24,000 g, 5 min per cycle) to remove most of the CTAB and residual metal salts, treated with a mixed-bed ionexchange resin (Amberlite MB-3, Mallinckrodt) to further reduce the amount of CTAB and then diluted to an optical density in the range of 1.0 -1.2. GNRs were characterised by TEM using a JEOL 2000-FX with an accelerating voltage of 200 keV, and by visible -NIR absorption spectroscopy with a Cary-50 spectrophotometer. Carbon-coated Cu TEM grids were purchased from Ted Pella, Inc. and used as supplied. Highpurity water with measured resistivity above 18 MV cm was obtained using an ultrafiltration system (Milli-Q, Millipore) equipped with an additional 0.22-micron membrane filter.
Preparation of TMAR-DTC
Tetra-C-methylcavitand was synthesised according to known procedures [20c,24] , and subjected to sodium bromite oxidation using the biphasic conditions reported by Iishi and co-workers [31] . Tetra-C-methylcavitand (1.2 g, 0.79 mmol) was added to 7 ml of a 2.3 M NaBrO 3 solution in EtOAc and stirred for 10 min at room temperature, then treated dropwise with 5 ml of a 3.2 M aqueous NaSO 3 solution, producing a yellow-orange colour. The reaction mixture was stirred for 5 h and monitored by thin-layer chromatography to prevent overbromination of the product. The reaction mixture was then extracted with Et 2 O, washed with saturated Na 2 S 2 O 3 and brine, dried over Na 2 SO 4 and concentrated. Purification by silica gel chromatography yielded the desired tetra(bromomethyl)cavitand (0.96 g, 80% yield) as a viscous oil. This was dissolved in 10 ml of THF and treated with 100 ml of a 2 M solution of methylamine in THF. The reaction mixture was stirred at room temperature for 6 h, concentrated and redissolved in CH 2 Cl 2 . The product was washed with 1 M NaOH and water, and then concentrated to dryness to yield TMAR as a yellow oil (1.2 g), which was used without further purification. 1 TMAR (26.6 mg, 0.02 mmol) was dissolved in 10 ml of freshly distilled THF and mixed with 5 ml of a 10 mM solution of CS 2 in THF. The TMAR-DTC solution was allowed to stand at room temperature for 5 min prior to use.
Preparation of Iron-Coated Nanorods by Reduction of Fe(III)(acac) 3 A CH 2 Cl 2 suspension of GNRs stabilised by TMAR-DTC (20 ml, OD 0.6) was dried for 60 min over molecular sieves, mixed with 10 ml of dioctyl ether and subjected to rotary evaporation to remove CH 2 Cl 2 . The GNR suspension (10 ml, OD 1.2) was charged with Fe(III)(acac) 3 , tetraethylene glycol, oleylamine and oleic acid in a ratio of 1:5:3:3 and heated to reflux under argon for 1 h. The solution was cooled to room temperature and treated with 10 parts EtOH to induce precipitation of the nanoparticles. The residue was collected from the wall of the reaction flask and sonicated briefly in EtOH for redispersion and then deposited onto a carboncoated Cu grid for TEM analysis.
Preparation of Iron-Coated Nanorods by Thermolysis of Fe(CO) 5 GNRs stabilised by TMAR-DTC were dried and suspended in o-dichlorobenzene (10 ml, OD 1.2) using the procedure described above. Oleic acid (50 mL) was added to 2.5 ml of o-dichlorobenzene and heated to 1208C, followed by an injection of Fe(CO) 5 (7.5 mL) and further heating at 1208C for 5 min. The suspension of resorcinarene-coated GNRs and oleylamine (25 mL) was added to the reaction mixture and heated to reflux for 45 min in a 2308C sand bath. The ratio of Au:Fe was estimated to be 1:2. The nanoparticle suspension was cooled to room temperature, diluted with isopropyl alcohol and centrifuged at 24,000 g for 20 min. The supernatant was discarded and the brown sediment was sonicated and redispersed in toluene, then collected by magnetic precipitation using a handheld NdFeB magnet and deposited onto a TEM grid.
